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ABSTRACT:  Simulation models of nutrient utilization ignore that variation in pig 19 
system components can influence the predicted mean and variance of the performance 20 
of a group of pigs. The objective was to develop a methodology to investigate how 21 
variation: (a) in feed composition would affect the outputs of a nutrient utilization 22 
model, and (b) would interact with variation that arises from the traits of individual 23 
pigs. We used a P intake and utilization model to address these. Introduction of 24 
stochasticity gave rise to a number of methodological challenges, e.g. how to generate 25 
variation in both feed composition and pigs, and account for correlation between 26 
ingredients when modelling variation associated with feed mixing efficiency. 27 
Introducing variation in feed composition and genotype resulted in moderate 28 
decreases in mean digested, retained and excreted P predicted for a population of pigs 29 
and an increase in their associated CVs. A lower % of pigs in the population were 30 
predicted to meet their requirements during the feeding period considered, by 31 
comparison with the no variation (deterministic) scenario. Variation in feed ingredient 32 
composition contributed more to performance variation than variation due to mixing 33 
efficiency. When variation in both feed composition and pig traits were considered, it 34 
was the former rather than the latter that had the dominant influence on variability in 35 
pig performance. The developed framework emphasizes the consequences of 36 
stochasticity on the predictions of nutrient utilization models.  Such consequences will 37 
have a significant impact on decisions about management strategies, such as feeding 38 
that are subject to variation.  39 
 40 
 41 
 42 
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INTRODUCTION 43 
Apart from a few notable exceptions, most simulation models of nutrient 44 
utilization are deterministic, i.e. they deal with the performance of the average animal, 45 
offered a diet of a certain composition, whilst kept in a relatively constant 46 
environment. Some models deal with variation between individual pigs and in aspects 47 
of the environment (1-3), but none has dealt with uncertainty in feed composition at a 48 
particular point in time or over time. There are several reasons why the latter may be 49 
important. Feed ingredients may vary substantially in nutrient composition, due to 50 
growing conditions, hybrid or variety differences, planting and harvest dates, storage 51 
and feed out conditions (4). In addition variation in feed composition may arise from 52 
the feed manufacturing process, such as mixing and processing (5-7). Whilst several 53 
authors have identified such uncertainty in feed composition as a significant 54 
contributor to variation in performance (8-11), it is surprising that none has taken it into 55 
account in nutrient utilization models.  56 
In this paper we use a previously published, deterministic model that predicts 57 
the digestion, utilization and excretion of phosphorus (P) by growing and finishing 58 
pigs (12,13) to address the challenge of incorporating stochastic variation in system 59 
components, namely pig genotype and feed composition, and investigate its 60 
consequences on the utilization of this nutrient. The model is capable of incorporating 61 
stochastic variation (3). We use the stochastic model as a case in point on how 62 
variation in feed ingredients, inefficiency in mixing and variation in the genetic traits 63 
of individual pigs can affect the outputs of a nutritional model, in terms of digested, 64 
retained and excreted P.  65 
 66 
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MATERIAL AND METHODS 67 
The single animal model of Symeou et al. (12) that predicts intake, digestion, 68 
utilisation and excretion of P for growing and finishing pigs was used for this 69 
purpose. Briefly, the deterministic model represented the limited ability of pig 70 
endogenous phytase activity to dephosphorylate phytate as a linear function of dietary 71 
calcium (Ca). Phytate dephosphorylation in the stomach by exogenous microbial 72 
phytase enzymes was expressed by a first order kinetics relationship. The absorption 73 
of non-phytate P from the lumen of the small intestine into the blood stream was set at 74 
0.8 and the dephosphorylated phytate from the large intestine was assumed to be 75 
indigestible. The net efficiency of using digested P was set at 0.94 and assumed to be 76 
independent of BW (14). P requirements for both maintenance and growth were made 77 
simple functions of body protein mass, and hence functions of animal genotype. 78 
Undigested P was assumed to be excreted in the faeces in both soluble and insoluble 79 
forms. An important assumption underlying the model was that the relationship 80 
between the potential protein (Pr) and P growth is isometric (15-18). For justification of 81 
the values of the model parameters and mathematical relationships, the reader is 82 
referred to Symeou et al (12).  The deterministic model has been extensively evaluated 83 
(13) and was found to predict satisfactorily the quantitative pig responses, in terms of 84 
mean P digested, retained and excreted, to treatment changes in P supply, Ca and 85 
exogenous phytase supplementation.  86 
The main inputs to the deterministic model are: 1) pig genotype, including 87 
initial state, 2) feed composition; and 3) feeding plan. The model outputs for a single 88 
pig are: 1) average daily gain and food intake (FI), 2) body composition, including P 89 
retained, and 3) soluble and insoluble, and hence total P excreted. Stochastic variation 90 
in the model has been included in the animal related inputs and described in detail by 91 
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Symeou et al. (3); see also below. In addition here we introduce stochastic variation in 92 
feed ingredient composition, variation in the uniformity of the feed arising from 93 
mixing and investigate the interactions of these stochastic introductions with the 94 
variation in pig genetic traits.  95 
 96 
Introduction of stochastic variation in feed ingredient composition and mixing 97 
For the purpose of this study, only ingredient variation that contributes to 98 
variation in phytate (oP), non phytate P (NPP), and calcium (Ca) feed content and 99 
plant and microbial phytase activity (PPhy and MPhy) was considered. In principle 100 
the model is flexible to incorporate variation in other ingredient resources, provided 101 
that such variation has been measured. The NPP in the feed is a combination of plant 102 
NPP (pNPP) and inorganic NPP (iNPP). The dietary Ca also derives from plant (pCa) 103 
and inorganic Ca (iCa) sources. The iCa was sourced from both limestone and 104 
inorganic salts i.e. mono and di-calcium phosphate. 105 
Variation in the composition of each feed ingredient into the feed was 106 
introduced for P and Ca, by considering the standard deviation (SD) of each 107 
ingredient, from the largest publicly available data base of composition of feed 108 
ingredients (19) (see Appendix Table A1). However, for some feed ingredients the 109 
number of samples used to calculate their mean and SD values is small, and these 110 
values should be used with caution. Even though the Sauvant et al. feed tables (19) 111 
provided the PPhy activity (FTU) for all ingredients, they did not provide the 112 
associated SD. Therefore, variations of ingredient plant phytase activity were derived 113 
(20,21). In addition, variation in MPhy supplementation was derived (22); a SD of 300 114 
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FTU per 1000 FTU was assumed to reflect the variation in supplemented MPhy 115 
activity.  116 
A stochastic Monte-Carlo simulation was used, to investigate the effect of 117 
ingredient variation. The inputs of the Monte-Carlo simulation were: (1) mean and (2) 118 
SD, in each investigated chemical component, for each dietary ingredient (oP, pNPP, 119 
pCa and PPhy) or supplement (iNPP, iCa, MPhy). The concentration of most 120 
chemical components in plant-based feedstuffs fits an approximately normal 121 
distribution (23), therefore, the use of SD is the most appropriate measure of 122 
dispersion.  123 
Using the Monte-Carlo methodology, 500 feeds for each scenario considered 124 
were drawn at random, from the above distribution. Once the chemical content of 125 
each ingredient (g/kg ingredient or FTU/kg ingredient), for each feed was 126 
established, this was multiplied with the ratio of the ingredient’s contribution in the 127 
feed. The addition of each chemical content of each ingredient resulted in the oPi, 128 
pNPPi, iNPPi, pCai, iCai g/kg and PPhyi and MPhyi content for each feed. 129 
The goal of feed mixing is to evenly distribute all ingredients and nutrients 130 
throughout the entire batch of feed (6). A uniform mixture will supply the animal with 131 
a balanced diet, ensuring proper nutrient consumption and maximizing performance. 132 
A coefficient of variation (CV) of 10% or less for salt or another minor feed 133 
ingredient has been adopted as the industry standard to represent a uniformly mixed 134 
feed (5,24). Salt is the most common ingredient used to evaluate mixing efficiency (6) 135 
and it usually represents 1% of ‘conventional’ feeds. Therefore, in theory, ingredients 136 
that makes up a significant percentage of the feed (e.g. wheat), will have a much 137 
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lower CV due to mixing and this needs to be taken into account when formulating 138 
rations.  139 
In order to quantify the later statement, it was first necessary to set the target 140 
ingredient composition of the selected feed, assuming perfect mixing. Then based on 141 
this feed, a distribution function was specified, where the probability of occurrence of 142 
each ingredient equalled their proportion in the target feed. A repeated random 143 
sampling from the distribution that specifies the target feed was carried out, and a 144 
random feed was constructed from these samples. When the number of samples 145 
increased, the actual composition of the random feed automatically moved closer to 146 
that of the feed with perfect mixing, i.e. low number of samples demonstrated an 147 
inefficient mixing process and a high number an efficient mixing process. 148 
The number of samples needed to achieve the required level of mixing was 149 
achieved through an iterative Monte Carlo approach. Monte Carlo simulations with 150 
the pig model were carried out, where for each run a separate random feed was 151 
constructed. After the simulations, the mean and CV of the proportion of each feed 152 
ingredient were specified. The CV of some minor ingredient, e.g. limestone, was used 153 
as an indicator of the efficiency of mixing. Intially we run the pig model 500 times 154 
and for each run we used a random feed based on 3000 samples. We found that the 155 
CV of limestone content in these feeds was approximately 20%. We considered this 156 
as inefficient mixing. To simulate a better mixing process we run the pig model 500 157 
times with 6000 feed samples for each run. We got approximately 10% CV in 158 
limestone content, which is considered an efficient mixing in accordance to industry 159 
standards (5,24).  160 
 161 
Introduction of stochastic variation in pig genotype and start weight 162 
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The genetic parameters considered to vary between pigs were protein at 163 
maturity (Prm), lipid to protein ratio at maturity (LPrm) and the scaled maturity rate 164 
(B*) (1-3,25,26).  A justification for the choice of these parameters, the lack of 165 
correlation between them and why they are able to account for both growth rate and 166 
body composition in individual pigs is given in Symeou et al. (3). 167 
The mean and SD of Prm was estimated from the study of Knap et al. 
(27) to be 168 
35 and 4.38kg, respectively. The mean and SD of B* was estimated at 0.0392 and 169 
0.0078 kg/day, respectively, from the calculations of Brossard et al. (28) for the data of 170 
Rivest (29); the details of how this estimate is derived is also given in Symeou et al. (3). 171 
Finally the mean and SD of LPrm were derived from Knap and Rauw 
(30) to be 1.50 172 
kg/kg and 0.315 kg/kg, which were in turn adapted from Doeschl-Wilson et al. (31). 173 
The initial BW of the pigs (BW0) was in accordance with the methodology of 174 
Wellock et al. (2), having an average BW0 of 30 kg and their chemical composition 175 
was calculated assuming that the pigs had their ideal composition set by the genotype 176 
(32). The values of B*, Prm, and LPrm were assumed to be uncorrelated and normally 177 
distributed (1-3,25,26). 178 
 179 
Simulation scenarios considered  180 
The model was run between 30 to 120 kg average pig BW. The genetic 181 
parameters that represent a current genotype were used to derive the requirements for 182 
NE (MJ), SID Lys (g) and digestible P (digP) (g) per day, in accordance with Symeou 183 
et al. (12). The composition of the feed offered to the pigs changed only once during 184 
the simulations at 75kg BW, in order to meet the nutrient and energy requirements of 185 
the average pig. In all scenarios used, the average digP requirements were at the mid-186 
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point BW of each feeding period, which was at 52kg for the grower period (30-75kg 187 
BW) and 98kg BW for the finisher period (76-120kg). The NE and Lys feed contents 188 
were chosen so that the feed was first limiting in digP during each period under 189 
consideration see Table 1. 190 
 191 
Simulations for variation in feed ingredient composition and mixing efficiency  192 
We first considered stochastic variation in ingredient composition and 193 
subsequently variation resulting from feed mixing. The effects of these variations 194 
were considered on either a ‘conventional’ feed or a feed based on co-products (Table 195 
1). The ‘co-product’ based feed was chosen in order to consider the consequences of 196 
higher inherent variation in ingredient composition (19). These feeds were used as a 197 
case point to investigate the effect of ingredient variation and/or mixing on P retention 198 
and excretion. 199 
The experimental design addressed by the simulations was a 2 x 2 x 3 factorial 200 
design of two feed compositions (‘conventional’ or ‘co-product’ based feeds), 201 
variation in ingredient composition (with or without) and variation in mixing (no 202 
mixing effect, efficient or inefficient mixing). At this stage no variation in the pig 203 
genetic parameters was included. Therefore, 500 Monte Carlo iterations were used to 204 
generate each scenario described above. 205 
For the ‘conventional’ feed scenario the grower and finisher feeds were 206 
formulated on a least cost formulation (LCF) basis. For each feeding phase 207 
requirements were specified for 13 nutritional parameters, with the most important 208 
being: NE (MJ/kg), CP, SID Lys, and minerals including total Ca, total P and digP 209 
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(g/kg). Seventeen typical ingredients used in UK feed mills were considered; the 210 
Sauvant et al. (19) feed tables were used to determine nutritional composition and 211 
digestibility values of these ingredients. Information on ingredient prices for most 212 
ingredients was obtained from the Public Ledger (33) with specific information on 213 
prices for minerals and amino acids provided by Premier Nutrition (Rugeley, 214 
Staffordshire, UK).  215 
An Excel solver based linear optimisation tool, was used to formulate separate 216 
feeds when optimising for LCF. Using the Solver function, the inclusion of all 217 
ingredients added to 100% and the derived feed reached or exceeded the target 218 
nutrient values specified at the lowest possible price, without exceeding the specified 219 
inclusion limits. The ‘co-product’ based feed did not follow a least cost methodology, 220 
because it was forced to contain ingredients with large inherent variation in P and Ca, 221 
irrespective of the cost. Therefore distillers’ dry grain solubles (DDGS) and potato 222 
protein concentrate were used. This ‘co-product’ feed formulation had a similar 223 
chemical composition with the ‘conventional’ one, see Table 1. 224 
 225 
Simulations for variation in both feed composition and pig genetic parameters 226 
The experimental design addressed was a 2 x 2 x 3 factorial design of two feed 227 
compositions (‘conventional’ or ‘co-product’ based feeds), variation in feed due to 228 
mixing process efficiency and ingredient composition (with or without variation in 229 
feed composition) and different degrees of variation in pig genetic variables (no 230 
variation, ‘low’ and ‘normal’ variation). The main difference of this experimental 231 
design in comparison to the previous one was that genetic parameter variation and 232 
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variation in feed were included for both the ‘conventional’ and ‘co-product’ based 233 
feed.  234 
In accordance with the methodology of Pomar et al. (26), we compared 235 
populations with different between-animal genetic variation. Three populations were 236 
generated having 0, 0.5 and 1 times the estimated genetic variation of the above 237 
reference population. Reducing variation in the genetic parameters to 0.5 of the 238 
current estimates is consistent with industry desire to increase genetic uniformity 239 
amongst commercial pigs (34). A 500 Monte Carlo iteration was applied for each 240 
scenario, having a unique combination of the parameters BW0, Prm, LPrm and B*. The 241 
populations addressed in the 0.5 and 1 scenarios differed only in the SD of the 242 
distribution of the means of the genetic variables.  243 
 244 
Simulation outputs 245 
From the generated simulated populations, which were fed according to the 246 
above scenarios, the following outputs were calculated: the population means and SD 247 
for total P digested, excreted and retained per day; and the percentage of the 248 
population that had their digP requirements met throughout the BW period 30-120 kg 249 
of the population. Detailed descriptions of the latter calculations are found in Symeou 250 
et al (3).  251 
 252 
RESULTS 253 
Variation in feed ingredient composition and in mixing efficiency 254 
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As expected the introduction of variation due to mixing increased the CV of 255 
the mean content of an ingredient in the resulting feeds (Table 2). The higher the 256 
percentage contribution of an ingredient in the feed, the lower its CV associated with 257 
the mean content of the ingredient in the resulting simulations, when mixing 258 
efficiency was introduced, see Table 2. The ‘co product’ based feeds had a higher CV 259 
associated with the mean content of each ingredient, than the ‘conventional’ feeds. In 260 
some cases introduction of inefficient mixing in a co-product based feed increased the 261 
CV associated with the mean content of a minor ingredient dramatically, for example 262 
up to ~60% for mono-calcium phosphate. This introduces enormous variation in the 263 
resulting feed compositions, and as will be seen below it has important consequences 264 
on system outputs.  265 
Introducing variation in ingredient composition resulted in a moderate 266 
decrease in the mean digP input, P retained and P excreted by the population of pigs 267 
offered ‘co-product’ based feeds, see Table 3. On the other hand, there were no 268 
substantial changes (less than 0.5% reductions) in these outputs when the population 269 
of pigs was offered ‘conventional’ based feeds that included variation in ingredient 270 
composition. Introducing variation in ingredient composition resulted in the expected 271 
increase in the CVs of the model outputs by the population of pigs offered either the 272 
‘conventional’ or ‘co-product’ based feeds, with the ‘co-product’ based feeds leading 273 
to approximately twice as high CVs than the ‘conventional’ based feeds. The reason 274 
for the lower P digested, retained and excreted by pigs on the co-product based feeds 275 
in comparison to the ’conventional’ feeds was due to the higher variation in the 276 
supply of P, Ca and phytase activity to the pigs. The model does not allow pigs to 277 
compensate for the reduced P supply by increasing their FI on low P feeds, as there is 278 
no evidence in the literature that pigs are able to do so (35,36). The feeding regime was 279 
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such that the feed was formulated to undersupply pigs with P during the early stages 280 
and oversupply them during the latter stages of the feeding phase (3). Due to the 281 
variation introduced by ingredient variation, a larger number of pigs met their digP 282 
requirements at the earlier stages of feeding the co-product based feeds, because more 283 
P was supplied than planned. The converse was the case during the latter stages of the 284 
feeding phase, where a number of pigs were undersupplied with P. Because more P 285 
(in g/day) is required as pigs grow (12,36), i.e. at the latter stages of each feeding phase, 286 
overall less P was supplied and retained on the co-product based feeds than the 287 
conventional feeds.  288 
Variation in mixing efficiency also slightly reduced the average digP intake, P 289 
retained and P excreted by the population of pigs, offered either the conventional or 290 
co-product based feeds and increased their associated CVs. The decrease in the model 291 
outputs and the increase in their associated CVs was twice as much when mixing was 292 
less efficient, than when it was efficient. The reasons for the reduced average dig P 293 
intake, retained and excreted when mixing variation was introduced are identical to 294 
those detailed above, when the consequences due to the introduction of variation in 295 
ingredient content were accounted for. For example, there was a 4.1% decrease in the 296 
P retained when the population was given a ‘co-product’ based feed that included 297 
variation in ingredient composition and 2.7% reduction in the same output when this 298 
arose from simulations that included inefficient mixing. The reduction in the P 299 
retained was 4.5 % when both variation in ingredient composition and inefficient 300 
mixing were included in the same feed.  301 
The percentage of the population meeting their digP requirements increased 302 
with increasing BW during both feeding phases. Feeding a ‘co-product’ based feed 303 
resulted in a lower percentage of the population meeting their digP requirements 304 
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throughout the feeding phase. This was because some of the feeds offered to the pigs 305 
never contained adequate P. The increase in the percentage of the population meeting 306 
their requirements was more gradual in the ‘conventional’ as opposed to the ‘co-307 
product’ based feeds, see Figure 1. In all cases an inefficient mixing process slightly 308 
increased the number of pigs that met their requirements during the first half of each 309 
feeding phase. During the second half of each feeding phase it was the efficient 310 
mixing process that greatly increased the number of pigs that met their requirements. 311 
Approximately 15% were still not meeting their digP requirements by the end of each 312 
of the feeding phase, when they were offered feeds that resulted from an inefficient 313 
mixing process, see Figure 1.  314 
A similar picture was seen when the feeds included variation due to the 315 
ingredient composition, with the main difference being the considerably lower 316 
percentage of the population meeting their digP requirements when fed a ‘co-product’ 317 
in comparison to a ‘conventional’ based feed, Figure 2. The addition of variation due 318 
to the mixing process to the ingredient variation increased further the percentage of 319 
pigs that met their requirements during the first half of each phase (Figures 2a and 320 
2b), in comparison to when there was only variation due to the mixing process (Figure 321 
1a and 1b), and vice-versa during the second half of each phase. This was the case 322 
when the feeds offered to the pigs were based on conventional ingredients only; the 323 
lowest percentage of pigs meeting their digP requirements was seen when the feeds 324 
were based on co-products pigs offered feeds that included variation due to both 325 
ingredients and mixing process. An appreciable percentage of pigs (~15%) were still 326 
not meeting their digP requirements by the end of each of the feeding phase when the 327 
feeds included variation due to both ingredients and inefficient mixing, for 328 
‘conventional’ based diets.  Only 87% and 60% of the pigs managed to achieve their 329 
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digP requirements during the finisher period in these cases for conventional and co-330 
product-based feeds respectively when the mixing process was inefficient (Figure 2). 331 
 332 
Variation in feed ingredient composition, mixing efficiency and pig genetic traits 333 
There was a slight decrease in the average P digested, retained and excreted as 334 
the variation amongst the genetic parameters of the pigs increased; this was associated 335 
with an expected increase in the associated CVs, see Table 4. The differences between 336 
no variation and ‘low’ genetic variation in the above outputs were within the 0.5% 337 
standard error limits resulting from the Monte-Carlo simulations. However, the 338 
decreases in the values of the outputs reflected the fact that as genetic variation 339 
increased, a larger number of pigs were unable to meet their digP requirements, which 340 
targeted the ‘average’ pig for a longer period of time, and this adversely affected P 341 
retention and ultimately their growth. This was due to the fact that in this study 342 
protein growth was assumed to be directly proportional to P retention even under the 343 
conditions of P deficit.   344 
In the presence of variation due to feed, the average P digested, retained and 345 
excreted decreased further as the variation amongst the genetic parameters of the pigs 346 
increased. The above decreases were higher in the ‘co-product’ as opposed to the 347 
‘conventional’ based feeds. For example, the realistic scenario that included variation 348 
due to the feed and ‘normal’ genotype variation resulted in 4.0 and 7.2% less P 349 
retained in comparison to the control scenario with no variation, for the 350 
‘conventional’ and ‘co-product’ based feeds, respectively.  351 
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Increasing the genetic variation in the pig population resulted in a higher 352 
percentage of pigs meeting their requirements at the earlier stages, but a lower 353 
percentage of pigs meeting their digP requirements at the latter stages of each of the 354 
growing and finishing phases; overall fewer pigs in the population reached their 355 
requirements throughout the feed phase, see Figure 3. Ninety-five and 82% of the pigs 356 
met their digP requirements during the finisher period, when the variation within the 357 
population was ‘low’ and ‘normal’, respectively. The combination of both variation in 358 
the feed (due to ingredient composition and mixing) and genetic variation resulted in 359 
an even lower percentage of population meeting their digP requirements. This was 360 
more profound when a ‘co-product’ based feed was used. For example, the realistic 361 
scenario variation due to the feed and ‘normal’ genotype variation resulted in 79 and 362 
63% of the pigs meeting their digP requirements during the finisher period, in the 363 
‘conventional’ and ‘co-product’ based feeds, respectively. This was the outcome of 364 
having several pigs with digP requirements well above those of the ‘average’ pig, 365 
which were given access to feeds of low P content due to variation in ingredient 366 
composition and inefficient feed mixing.  367 
 368 
DISCUSSION 369 
The objective of this paper was to develop a methodology that would enable 370 
the investigation of; how (a) variation in feed composition arising from variability in 371 
feed ingredient nutrient (P) content and mixing would affect the outputs of a nutrient 372 
utilization simulation model, and; (b) how such variation would interact with the 373 
variability that arises from the genetic traits of individual pigs within a population. 374 
We used a P intake and utilization simulation model as a case in point, because this 375 
was the most complete model of its kind in our disposal, and because the model 376 
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already included variation in the genetic characteristics of the pigs (3). As far as we 377 
know, this is the first attempt to introduce variation in feeding environment in a pig 378 
model. The simulations show that the effects of such variation can be profound on 379 
model outputs, such as individual pig performance, the variation between individual 380 
within a cohort of pigs, and the number of pigs that are either overfed or underfed P. 381 
Although the paper investigated the consequences of sources of variation on P 382 
digestion, retention and excretion, we expect that the same principles would apply 383 
when dealing with the fate of any other nutrient whose intake and utilization can be 384 
subject to similar variation.  385 
The development of a stochastic model to account for variation in nutrient 386 
intake and utilization has given rise to a number of methodological challenges, 387 
namely how to generate the variation in both feed composition and pigs, and how to 388 
account for correlations between ingredients when modelling the variation associated 389 
with mixing efficiency. When modelling the variation associated with the latter, the 390 
variation of the feed ingredients follows conditional probabilities, i.e. the probability 391 
of the proportion of one ingredient in the feed is dependent on the proportion of other 392 
ingredients. For complex feed compositions, it is difficult to formulate probability 393 
functions to describe these interactions, and therefore we developed a Monte Carlo 394 
sampling method which automatically generates sample feeds with realistic 395 
proportions of each ingredient. The model ‘mixing compartment’, took into account 396 
the variation of feed ingredients in energy, lysine, P, Ca contents and microbial and 397 
plant phytase activities.  When introducing variation in ingredient composition, the 398 
model took into account variation of feed ingredients in P, Ca, microbial and plant 399 
phytase activities only. Clearly feed ingredients differ in other nutrient resource 400 
contents, such as energy or amino acid contents. Provided that such variation is 401 
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known, the model is capable of including it in its simulations. This would not impose 402 
significant computational requirements. 403 
The feed manufacturing industry recognizes the potential consequences of 404 
variation associated with feed ingredient composition (37) and tries to account for this 405 
in various ways in their feed matrices (19). Nevertheless, there are some ingredients 406 
that are associated with high inherent variability, such as the co-products DDGS and 407 
potato protein (10,38) and this may lead to the results generated here: feeding on co-408 
product based feeds led consistency to higher variation in the performance of pigs, 409 
which were assumed to be ‘identical’ in their genetic growth characteristics. The 410 
feeding method used (two phase-feeding) targeted the digP requirements of the 411 
average pig at the mid-point of the weight range of the feeding phase. The outcome of 412 
the introduction of variation was that a small number of pigs were oversupplied with 413 
P at the early stages and a substantial number of pigs were undersupplied with P at the 414 
latter stages of the feeding phase, for the reasons explained in the Results. Feeding the 415 
co-product based feed exaggerated the latter, and as a consequence a substantial 416 
number of pigs failed to meet their digP requirements, even by the end of the feeding 417 
phase, and as a consequence they underperformed. The model assumes that when 418 
animals do not meet their P requirements, then their performance would be penalised. 419 
This is a direct consequence of the underlying assumption of the model that there is 420 
an isometric relationship between P and body protein, even under conditions of P 421 
deficit, as found in several experiments (15-18). However, there are suggestions that 422 
under certain nutritional conditions this relationship between P and protein may not be 423 
valid.  NRC (39), for example suggested that pig diets can be fed at ~10% below the P 424 
requirements without any 'negative' consequences on pig daily gain. If this is the case 425 
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then the model would have overestimated some of the consequences of the variation 426 
in feed composition on performance investigated here. 427 
Even when the variation associated with the nutrient content of feed 428 
ingredients is accounted for, variation in feed composition can arise from the 429 
efficiency of the mixing process. There are several factors that can affect this; they 430 
include mixing time (insufficient or protracted mixing times can lead to ingredient 431 
segregation), feed mixer maintenance, overfilled mixer due to the bulkiness of some 432 
ingredient(s) etc. (40-42). We used Monte Carlo iterations to investigate the 433 
consequences of two mixing efficiencies: one that resulted in 10% CV in the content 434 
of limestone in the feed, which is the industry accepted level resulting from efficient 435 
mixing (43), and another that resulted in 20% CV, which is within the realistic bounds 436 
of mixing of pig feeds (24). Again the effects of the mixing efficiency on the model 437 
outputs were higher in the co-product based feeds, mainly because they contained a 438 
larger number of ingredients. A larger number of ingredients meant a smaller 439 
contribution of each ingredient in each feed, therefore resulting in greater cumulative 440 
uncertainty in the resulting feeds and hence their outcomes. Future extension of this 441 
model could include prediction of this mixing effect in the P excretion from a 442 
population, by using scenarios such as: 1) different types of feed mixers (i.e. vertical, 443 
horizontal and drum); 2) different mixing times and; 3) the effect of premixing low 444 
inclusion ingredients (i.e. MCP), rather than empirically investigating the mixing 445 
effect. Therefore, a protocol could be derived to maximize P retention and minimize 446 
its excretion from a pig population. 447 
The consequences of mixing efficiency on the performance of a population are 448 
slightly odds with what has been suggested in the literature. Groesbeck et al. (6) and 449 
Traylor et al. (5) have concluded that a CV of salt of up to 12% and 20% in pig feeds, 450 
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respectively is adequate for maximum growth performance of pigs. This discrepancy 451 
may be due to the fact that the model currently overestimates the effect of P 452 
deficiency on the reduction of protein growth, as discussed above. As a result of 453 
variation due to the mixing efficiency, the feed could vary in its energy and protein 454 
content, as well as P, if for example more soya was used than intended at the expense 455 
of wheat. This would have effects on the FI of the pigs and hence their performance. 456 
Again this effect needs to be taken into account in the further development of the 457 
model. 458 
Due to the assumptions made by the model in the scenarios investigated, 459 
variation in feed ingredient composition for the ‘co-product’ based feed contributed 460 
more to performance variation than variation due to the mixing efficiency. This in part 461 
justifies the approach taken by feed manufacturers to use a higher number of feed 462 
ingredients in order to avoid or reduce the effects of variation arising from over-463 
reliance on a few ingredients with large inherent variation. This reduction will only in 464 
part be offset by the potential contribution of the several ingredients to the mixing 465 
inefficiency. 466 
Previous authors have investigated the effects of genetic variation in the 467 
growth characteristics of pigs on the performance of a population of pigs (e.g. 1,2,25,26,44). 468 
Like Pomar et al. (26), we investigated the effects of the decrease in the variation of the 469 
genetic traits, from the current estimated CV associated with these traits. This is 470 
because for some time producers desire a reduction in the variability within a batch, 471 
as this is associated with financial consequences (45-48). The outcomes of the 472 
simulations suggest that such a reduction in variability in performance can indeed be 473 
achieved through a reduction in the variation of the genetic growth traits. This was 474 
accompanied by a higher number of pigs achieving their digP requirements over each 475 
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feeding period.  Current advances in (molecular) genetics now allow breeding 476 
companies to evaluate more precisely and control genetic variability in commercial 477 
populations (34). The simulations in this paper quantify the benefits that can arise from 478 
this.  479 
The paper also investigated the interactions between variation in P dynamics 480 
due to variability in the feed and due to variability in the pig. The most striking 481 
outcome of the simulation was the fact that in the presence of variation in the feed 482 
composition, the number of pigs that met their digP requirements was similar, 483 
irrespective whether the variability in the pig genetic parameters was high (normal) or 484 
low. This was especially the case when pigs were fed on a co-product based feed, 485 
where the percentage of pigs that met their requirements at the end of the finisher 486 
period was ~60%. In other words, when pigs were simulated under conditions likely 487 
to be encountered in commercial environments, it was variation about the ‘co-488 
product’ based feed composition, rather than pig genetic characteristics that proved to 489 
have the dominant influence on variability in pig performance. Currently there is an 490 
increased interest in how to deal with variability within a batch of pigs (45,47), due to 491 
the financial consequences associated with it, and feeding strategies to overcome this 492 
are being developed (49,50). The model developed here is able to account for the 493 
interactions between feeding strategies and variability within a batch of pigs. It can be 494 
envisaged that such interactions may arise if the smaller pigs are given access to a 495 
different feeding regime, associated with these variations.  496 
  497 
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CONCLUSION 498 
We developed a methodology able to account for variation in P dynamics due to 499 
variation in feed composition and pig genotype. The methodology has pointed 500 
towards some issues that need to be addressed to increase model accuracy and utility. 501 
Such issues include the need to take into account the inherent variability in the 502 
ingredient energy and amino acid concentrations, as well as the development of a 503 
‘bone growth compartment’, which can be utilized at times of dietary P deficiencies. 504 
The methodology has demonstrated the potential of variation to affect the predictions 505 
of a nutrient intake and utilization model. The developed framework can be used to 506 
investigate the consequences for pig performance of variation as regards several 507 
components of the system, namely the pig, its feed and its environment. Such 508 
consequences are likely to have significant impact on decisions about how to feed pig 509 
populations that are subject to variation. 510 
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Table 1: Ingredient and calculated chemical composition of feeds based on conventional and 672 
co-product ingredients, offered to growing (30-75 kg BW) and finishing (76-120 kg BW) pigs. 673 
 ‘Conventional’ feed ‘Co-product’ feed 
 
Ingredient, % 
Growing Finishing 
 
Growing Finishing 
Barley 16.1 37.4 - 7.80 
Wheat 50.0 40.8 37.0 33.9 
Wheatfeed - - 5.00 5.00 
Wheat DDGS - - 25.0 25.0 
Soybean 47% 21.3 6.35 12.4 13.4 
Rapeseed ext. 8.00 12.5 - - 
Potato Protein - - 13.5 7.30 
Soya oil 2.16 0.500 4.06 2.00 
Limestone 0.800 0.790 0.900 0.800 
Mono-calcium phosphate 0.300 0.110 0.100 - 
Sodium Chloride 0.740 0.740 0.660 0.590 
Premix1 0.650 1.40 0.940 1.52 
 
Calculated composition2     
Net energy, MJ/kg 10.0 9.60 10.0 9.60 
Protein, g/kg 202 157 223 181 
Total Lys, g/kg 12.8 9.60 12.8 9.60 
Total Ca, g/kg 6.40 6.60 6.30 6.50 
Total P, g/kg 5.50 5.70 5.50 5.50 
Digestible P, g/kg 3.20 2.70 3.20 2.70 
1 Provided sufficient quantities of vitamins and micro-minerals. 674 
2 Calculated compositions from Sauvant et al. (19) feed tables.675 
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Table 2: The effect of feed mixing (efficient and inefficient mixing) on the mean content and coefficient of variation (CV) in each ingredient of 676 
the resulting feed. The feeds were based either on conventional’ or co-product ingredients- and offered to growing (30-75 kg BW) and finishing 677 
(76-120 kg BW) pigs; the means and CV are based on 500 Monte Carlo simulations.  678 
 Efficient Mixing Inefficient mixing 
 ‘Conventional’ feed ‘Co-product’ feed ‘Conventional’ feed ‘Co-product’ diet feed 
 Growing Finishing Growing Finishing Growing Finishing Growing Finishing 
Ingredient, % Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV 
Barley 16.1 2.19 37.4 1.20 -  7.78 3.33 16.1 4.25 37.4 2.48 - - 7.82 6.42 
Wheat 50.0 0.970 40.8 1.22 37.0 1.29 34.0 1.31 49.9 1.46 40.8 2.34 37.0 2.45 33.9 2.50 
Wheatfeed - - - - 5.03 4.48 4.97 4.40 - - - - 4.98 8.21 4.99 7.89 
Wheat DDGS - - - - 25.1 1.76 25.0 1.75 - - - - 25.0 3.08 25.0 3.11 
Soybean 47% 21.3 1.83 6.33 3.67 12.4 2.63 13.4 2.50 21.3 3.71 6.35 7.37 12.4 4.78 13.4 4.67 
Rapeseed ext. 8.02 3.58 12.5 4.27 - - - - 7.98 6.35 12.5 4.97 - - - - 
Potato Protein - - - - 13.5 2.44 7.31 3.52 - - - - 13.5 4.51 7.29 6.44 
Limestone 0.800 11.2 0.790 11.1 0.900 10.5 0.800 10.5 0.800 19.0 0.790 19.4 0.900 19.1 0.810 19.6 
MCP 
Other1 
0.300 
3.54 
18.5 
5.10 
0.110 
2.09 
28.8 
6.71 
0.100 
6.09 
31.9 
4.00 
- 
6.79 
- 
3.87 
0.300 
3.56 
33.5 
9.22 
0.110 
2.12 
55.4 
12.5 
0.100 
6.12 
58.8 
7.43 
- 
6.81 
- 
6.81 
1 Premix, Soya oil and sodium chloride. 679 
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Table 3: The effect of variation in ingredient composition (with (yes) or without (no)) and mixing (no mixing (NM), efficient (E) or inefficient 680 
(I) mixing) of a ‘conventional’ and a ‘co-product’ -based feed on the mean and coefficient of variation (CV) of P digested, excreted and retained. 681 
The results are the outcomes of 500 simulations. 682 
Treatment P digested, g/day P retained, g/day P excreted, g/day 
Mixing Variation in  
ingredient composition  
‘Conventional’ 
feed 
‘Co-product’ 
feed 
‘Conventional’ 
feed 
‘Co-product’ 
feed 
‘Conventional’ 
feed 
‘Co-product’ 
feed 
Mean CV, % Mean CV, % Mean CV,% Mean CV, % Mean CV, % Mean CV, % 
NM No 7.07 0 7.07 0 5.82 0 5.83 0 7.44 0 7.45 0 
NM Yes 7.06 4.20 6.80 9.71 5.83 2.44 5.59 7.27 7.46 5.61 7.20 9.04 
E No 6.98 3.13 6.87 2.08 5.78 2.05 5.73 1.58 7.35 2.80 7.19 2.05 
E Yes 6.97 5.36 6.86 10.1 5.75 3.61 5.62 7.36 7.37 6.28 7.29 10.3 
I No 6.90 6.23 6.79 4.52 5.71 4.63 5.67 3.88 7.26 6.08 7.26 6.37 
I Yes 6.89 7.73 6.80 11.1 5.68 5.55 5.57 8.27 7.28 8.04 7.37 11.0 
683 
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Table 4: The effect of variation in ingredient composition and mixing (with (yes) or without variation (no)), of a ‘conventional’ and a ‘co-684 
product’ -based feed, and of different degrees of variation in pig genetic variables (no variation, ‘low’ and ‘normal’ variation) on the mean and 685 
coefficient of variation (CV) of P digested, excreted and retained. The results are the outcomes of 500 simulations. 686 
Treatment P digested, g/day P retained, g/day P excreted, g/day 
Genotype 
variation  
 
Variation in  
ingredient 
composition and 
efficient mixer  
‘Conventional’ 
feed 
‘Co-product’ 
feed 
‘Conventional’ 
feed 
‘Co-product’ 
feed 
‘Conventional’ 
feed 
‘Co-product’ 
feed 
Mean CV, % Mean CV, % Mean CV,% Mean CV, % Mean CV, % Mean CV, % 
No No 7.07 0 7.07 0 5.82 0 5.83 0 7.44 0 7.45 0 
No Yes 6.97 5.36 6.86 10.1 5.75 3.61 5.62 7.37 7.37 6.28 7.29 10.3 
Low No 7.07 10.9 7.07 10.9 5.82 10.5 5.79 10.5 7.47 11.8 7.49 11.9 
Low Yes 6.98 12.1 6.74 15.0 5.72 11.2 5.54 13.5 7.39 13.2 7.14 16.3 
Normal No 7.00 21.8 6.98 22.1 5.67 21.2 5.65 21.4 7.45 23.3 7.42 23.8 
Normal Yes 6.90 22.6 6.68 24.5 5.59 21.6 5.41 23.1 7.39 24.1 7.16 26.3 
 687 
 688 
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Figure 1. The percentage of the population of pigs that met their digestible P 689 
requirements over the average BW range 30 to 120 kg, whilst fed: (a) ‘conventional’ 690 
and (b) ‘co-product’ based feed, either with no variation ( ), or with variation due 691 
to an efficient (▬) or an inefficient mixing process (⋯). All pigs were assumed to be 692 
identical in the genetic parameters that defined their growth characteristics.   693 
 694 
Figure 2. The percentage of the population of pigs that met their digestible P 695 
requirements over the average BW range 30 to 120 kg, whilst fed: (a) ‘conventional’ 696 
feed and (b) ‘co-product’based feed, either with variation in ingredient composition 697 
( ), or with variation in ingredient composition and variation due to the mixing 698 
process (efficient (▬) or  inefficient mixing process (⋯)). All pigs were assumed to 699 
be identical in the genetic parameters that defined their growth characteristics. 700 
 701 
Figure 3. The percentage of the population of 500 pigs that met their digestible P 702 
requirements over the average BW range 30 to 120 kg, whilst fed: (a) ‘conventional’ 703 
feed and (b) ‘co-product’ based feed. The pigs differed in the variation of their genetic 704 
parameters (low or normal variation) and were given access to feeds that included 705 
variation in composition due to ingredient variation and mixing (with variation or no 706 
variation). The four combinations were: 1) pigs that with low genetic variation given 707 
access to a feed with no variation (▬▬⋯); 2) pigs with  low variation given access 708 
to a feed with variation (⋯); 3) pigs with  normal genetic variation given access to a 709 
feed with no variation ( ); 4) pigs with normal variation given access to a feed with 710 
variation (▬). 711 
 712 
